Introduction
The effect of rock fragments (i.e. mineral particles of 2 mm or larger in diameter) on hydraulic processes, runoff production and soil loss has been widely studied in the last decades both on agricultural and non-agricultural soils with natural and simulated rainfall events in field and laboratory conditions (e.g. Katra et al., 2008; Poesen et al., 1994; Valentin and Casenave, 1992) . Most of these experiments have only considered the effects of the visible rock fragments that are resting on the soil surface or that are partially embedded in the topsoil, without paying too much attention to the amount, size and depth of the subsurface rock fragments (e.g. Cerdà, 2001; Mayor et al., 2009; Zavala et al., 2010) .
Agricultural soils containing rock fragments are globally widespread and occur under different environmental conditions and land use types (i.e. cropland, rangeland and fallow). Especially in semi-arid and arid environments, hillslopes are often characterised by poorly vegetated soils covered with rock fragments. For example in the Mediterranean, soils containing significant amounts of rock fragments occupy more than 60% of the land (Poesen and Lavee, 1994) . A high rock fragment cover is common on these soils (e.g. 25% on average in cultivated and abandoned fields, López-Vicente and Navas, 2009), and in soils developed on recent geological materials, such as young volcanic islands (Asio et al., 2006) , alluvial, colluvial or glacial deposits. Field and laboratory studies have indicated that rock fragments in the topsoil can have a large impact on soil properties, soil quality, hydraulic, hydrological and erosion processes (e.g. de Figueiredo and Poesen, 1998; Mayor et al., 2009; Poesen and Lavee, 1994; Poesen et al., 1994; Urbanek and Shakesby, 2009; Soto and Navas, 2004; van Wesemael et al., 1995; Zavala et al., 2010) (Table 1) . During a rainfall event, rock fragments resting on the soil surface protect the soil from raindrop impact and soil detachment due to splash, they reduce the physical degradation (i.e. surface sealing and compaction) of the soil surface and increase infiltration rates (Poesen et al., 1990; Renard et al., 1997) , and they affect overland flow velocity, detachment and transport capacity of the overland flow (Guo et al., 2010) . For a review on the impacts of rock fragments on soil properties, hydrological processes, physical soil degradation, soil erosion and soil productivity we refer to Poesen and Lavee (1994) and Poesen et al. (1994) (Table 1) .
Due to the widespread occurrence of soils containing rock fragments and their potential impact on hydrological and soil erosion processes, controlled field and laboratory studies have been conducted to investigate the most important rock fragment properties affecting these processes. Although rock fragment cover at the soil surface is considered to be the most important rock fragment property affecting hydrological and soil erosion processes, several studies have indicated that other rock fragment properties (e.g. size, shape and position in the topsoil) could also have a significant effect (de Figueiredo and Poesen, 1998; Guo et al., 2010; Katra et al., 2008; Poesen and Ingelmo-Sanchez, 1992; Poesen and Lavee, 1991; Valentin, 1994) . Rock fragments are usually not randomly distributed within the soil profile. It is well known that often a considerable amount of rock fragments is incorporated in the topsoil and arable layer and is not visible at the soil surface. Rock fragment pavements are common in degraded soils where fine particles have been eroded from the topsoil due to interrill erosion processes (e.g. Zavala and Jordán, 2008) . Tillage of dry stony soils with tine-like tools induces kinetic sieving resulting in an upward movement and concentration of large rock fragments in the topsoil (Oostwoud Wijdenes et al., 1997) . Some studies have indicated that the vertical position of rock fragments in the topsoil (i.e. on top and embedded in the soil surface) can significantly influence the runoff and erosion-reducing effectiveness of rock fragments (e.g. Poesen, 1986; Poesen et al., 1990; Urbanek and Shakesby, 2009) . Rainfall experiments have shown that surface sealing intensity is reduced when rock fragments are placed on top of the soil surface compared to rock fragments which are embedded in the topsoil (Katra et al., 2008; Mayor et al., 2009; Poesen, 1986; Poesen et al., 1990; Valentin, 1994) . Well-embedded rock fragments in the topsoil can increase runoff and sediment yield, while rock fragments resting on top of the soil surface lead to a decrease in runoff and soil loss rates (Poesen and IngelmoSanchez, 1992) . In all these studies, the investigated rock fragments still remain visible at the soil surface and only properties of these visible rock fragments (e.g. cover, position) are used for predictions in runoff and soil loss. However, there are indications that rock fragments completely incorporated in the topsoil (i.e. not visible at the soil surface) could have a significant influence on the percolation and water distribution in stony soils and therefore, also on infiltration, runoff and soil loss rates (Cousin et al., 2003; Rieke-Zapp et al., 2007; Urbanek and Shakesby, 2009 ). Similar to subsurface rock fragments, studies on vegetation cover also pointed to the importance of below-ground biomass on runoff and soil erosion rates (e.g. De Baets et al., 2006; Gyssels et al., 2005) . Herrick et al. (2010) and Zavala et al. (2010) pointed to the need for further research, in the form of controlled experiments, in order to increase our understanding of the influence of stony soils on hydrological and erosion processes and to improve soil erosion predictions. Therefore, this study was conducted to investigate whether subsurface rock fragments in topsoils (i.e. not visible at the soil surface) could significantly influence surface sealing, infiltration, runoff and soil erosion rates. It is hypothesised that these effects will most likely depend on the depth of the rock fragments below the soil surface, on the rock fragment size and, on the duration of the rain event.
Materials and Methods

Experimental design
Interrill erosion plot
All experiments were conducted in the laboratory, using a rectangular interrill erosion flume, 1.25 m x 1.78 m (Poesen et al., 1990; Smets and Poesen, 2009; Smets et al., 2007) (Fig. 1) 
Soil sampling
The soil used in the experiments was a silt loam topsoil (Luvisol, FAO et al., 1998) sampled in central Belgium (50° 52' 12''N, 4° 39' 01''E) at a depth of 0-30 cm from former cropland. The soil has 12% clay (<0.002 mm), 80% silt (0.002-0.063 mm) and 8% sand (0.063-2 mm) and 1.9% soil organic matter, determined using conventional sieve-pipette and titration methods, respectively. Prior to each experiment, the soil was air-dried (at room temperature, ca. 20 °C), for 4 days resulting in an initial gravimetric moisture content of 13.4% ± 0.9. Next, soil clods were destroyed to pass through a sieve with circular holes of 1.2 cm diameter in order to simulate a fine seedbed.
Simulated rainfall
Rainfall was simulated during 60 min by a single-nozzle, continuous-spray system (Poesen and Lavee, 1991; Smets and Poesen, 2009) . Experiments were conducted with a water pressure of 0.33 bar at the nozzle outlet, yielding a mean rainfall intensity over the test area of 67 mm h -1 .
Because fall-height equalled 3.25 m, and using the drop-size distribution and the calculated drop-fall velocity (Laws, 1941) , the simulated rainfall produced a kinetic energy at the soil surface of 15.2 J m -2 mm -1 . This equals to ca. 60% of the energy of natural rainfall with similar intensities (Salles et al., 2002) . Such a high rainfall intensity was chosen as it is usually during high rainfall intensities that large volumes of runoff and soil loss occur. As to the frequency of such a rainfall event, Casas et al. (2004) indicated that for a rainfall station in Barcelona (northeast Spain) the return period ranges from less than 1 year to 2-5 years up to 50 years for a corresponding rainfall duration of 10, 30 and 60 minutes, respectively.
Rock fragments
Two types of rock fragments were used in the experiments, each type having a different mean rock fragment size (RFS). The marble fragments, originating from China and classified as rounded, had a mean largest diameter of 0.04 m ± 0.01. The shale fragments, collected in southern Belgium and classified as sub-angular, had a mean largest diameter of 0.20 m ± 0.02 (mean thickness equals 0.02 m). These two types of rock fragments were selected in order to represent two contrasting rock fragment sizes and shapes, as may be found in cultivated soils .
Four different vertical subsurface positions of the rock fragments in the bare soil top layer were simulated, i.e. rock fragments incorporated in the topsoil at a depth of 0.001, 0.01, 0.05 and 0.10 m below the soil surface (Fig. 2 ). For each vertical position, the rock fragments were applied at a cover level of 60%. In addition control experiments with bare soil surfaces, without rock fragments incorporated in the topsoil (control), were conducted as well.
Experimental procedure
In order to simulate the subsurface positions of rock fragments in the topsoil, the soil in the interrill erosion flume, set at the desired slope angle (15%), was applied in different layers.
Initially, the erosion flume was filled with the sieved, air-dried soil to a depth of 0.03, 0.08, 0.0120 or 0.0129 m, depending on the vertical position of the rock fragments simulated. Next, the rock fragments were randomly applied at the desired cover level (60%) and covered with a second layer of soil up to the surface of the erosion plot, i.e., to a total depth of 0.15 m, simulating a cultivated topsoil. The soil surface was flattened using a shelf. This resulted in a dry bulk density of the fine earth of 1.20 kg m -3 ± 0.04, and a maximum clod roughness height of ca. 0.01 m (Fig. 3) . In doing so, the simulated depth of the top of the rock fragments was 0.001, 0.01, 0.05 or 0.10 m. The total soil depth in the erosion plot (i.e. 0.15 m) was sufficient for preventing the moist front to reach the bottom of the plot after a rainfall event of 60 minutes with an intensity of 67 mm h -1 .
Before the start of each experiment, soil samples in the buffer area were taken to determine initial gravimetric soil moisture (%) and bulk density (kg m -3 ). Rainfall intensity (mm h -1 ) over the test area was measured before and after each experiment during 3 min using a rain-gauge. Each experiment lasted for 60 min, which was sufficient to reach steady-state conditions. During the experiments, runoff samples including sediment were taken during 1 min with an interval of 3 min. The runoff samples were oven-dried at 105 °C during 24 h. For each combination of vertical subsurface position and RFS, three to four replicate experiments were conducted and four replicates were conducted for the control treatment. In total, 32 rainfall experiments were conducted (Table 2) .
Data processing
Interrill soil loss (ISL, kg m -2 ) was determined by weighing the oven-dried runoff samples.
Runoff depth (mm) was calculated after subtracting the mass of the ISL from the mass of the runoff samples. Total interrill soil loss (total ISL, kg m -2 ) for each experiment was calculated by integrating the ISL samples over the duration of each experiment (60 minutes). Because rainfall intensity was kept constant during the experiments as well as antecedent soil moisture, infiltration rate (mm h -1 ) was calculated by subtracting the runoff rate (calculated using the runoff volume and the sampling period), from the rainfall intensity. Surface sealing intensity was assessed indirectly, i.e. through its effects on infiltration rates. The evolution of infiltration rates is a measure for the surface sealing intensity.
Analysis of variance (ANOVA) was conducted using the SAS Enterprise Guide statistical programme (version 4.1., 2006) in order to analyse the significance of subsurface position and of RFS on the effectiveness of rock fragments in reducing runoff and interrill erosion rates.
Results
Effects of subsurface rock fragments on infiltration rates and runoff volume
The evolution of the mean infiltration rates for all tested treatments during a simulated rain event is shown in Fig. 4 .
Differences in infiltration rates between the tested vertical positions of the rock fragments below the soil surface is highest during the first 10 minutes of the rainfall experiment and decreases over time. The final infiltration rates after 60 minutes of simulated rainfall for all experimental treatments (different RFS and depths below the soil surface) range between 17 and 21 mm h -1 . Since infiltration rates are calculated from the measured runoff rates and the constant rainfall intensity, statistical differences between the tested experimental treatments are calculated and discussed for the runoff volumes.
In order to produce results representative for the natural conditions and valuable for soil conservation and management practices, the cumulative effect of the different experimental treatments is analysed for three time intervals, i.e. from 0 to 10 minutes (cumulative rainfall, P cum , equals 11 mm), from 0 to 30 minutes (P cum = 33 mm) and from 0 to 60 minutes (P cum = 67 mm). Mean total runoff volumes after P cum of 11, 33 and 67 mm for the control experiment and for all experiments with subsurface rock fragments are given in Table 3 However, the differences in total runoff volume and thus water infiltration between the different treatments and the control experiment are not significant (at the 5% level) for each time interval, except for the experiment with RFS = 0.04 m at a depth of 0.10 m after 11 mm of rainfall.
Relative total runoff volumes, compared to the control experiment, for all treatments with subsurface rock fragments are calculated for each time interval (P cum = 11, 33 and 67 mm) and plotted in Fig. 5 . This analysis indicates that the variability of the relative total runoff volume decreases with an increasing cumulative rainfall depth. Although not significant at the 5% level, differences in runoff volume appear during the first 11 mm of cumulative rainfall, with the highest relative runoff volume (compared to the control experiment) for the experiments with the small rock fragments (RFS = 0.04 m) applied at a depth of 0.05 and 0.10 m below the soil surface. In contrast, the lowest relative runoff volume is observed for the large rock fragments (RFS = 0.20 m) at the same depths below the soil surface.
Effects of subsurface rock fragments on interrill soil loss
The evolution of the mean interrill soil loss rates (ISL) for all tested treatments is shown in rock fragment sizes, respectively (Table 3) .
Discussion
The results of this study indicate that subsurface rock fragments have a larger impact on total interrill soil loss than on total runoff volume, i.e. the differences between rock fragment treatments and the control experiments are higher for total ISL. Although only very small differences in total runoff volume are observed between all rock fragment treatments, total ISL is relatively more affected. This observation is explained with a conceptual model in Fig. 8 . At the start of each simulated rainfall experiment, the soil surface of the interrill area was completely bare. Therefore, the simulated rainfall directly impacted on the soil surface.
Eventually, all rainfall infiltrates in the soil surface and due to surface seal formation, the infiltration rate gradually decreases and runoff rate increases until a steady-state condition is reached. This process is similar for both the control and the rock fragment treatments and therefore, only small differences in infiltration and runoff rates are observed. When rock fragments are present below the soil surface, the soil moisture content in the areas between the top of the rock fragments and the soil surface will increase faster (leading to more rapid ponding) compared to the areas where no rock fragments are present because of the presence of an impeding object (subsurface rock fragments). These areas of higher soil moisture content are saturated faster, leading to a decrease in soil cohesion and a rapid increase in soil detachability (Poesen, 1981) . Due to this decrease in soil cohesion in the topsoil above the rock fragments, soil particles are easily detached and transported by the runoff (Fig. 8) . Therefore, for similar runoff volumes, higher total ISL is observed in general with rock fragments incorporated below the soil surface compared to a topsoil without subsurface rock fragments.
Since the areas of increased saturation and decreased soil cohesion are less fragmented for the large rock fragments (RFS = 0.20 m) compared to the small rock fragments (RFS = 0.04 m), higher total ISL is observed for the large rock fragments just below the soil surface (depth = 0.001 m).
Similar observations were made for mulch covers and geotextiles (Smets et al., 2008; Smets et al., 2007) , i.e. a larger impact of these soil surface covers is observed on total ISL than on total runoff volumes. According to these authors, an increase in mulch or geotextile surface cover has several cumulative impacts on soil erosion process compared to runoff process. The processes described above are observed for runoff and interrill soil loss only.
However, once runoff starts to incise in the topsoil and rills are developing, other processes will become important (Poesen et al., 1999) . Although Govers and Poesen (1988) indicated that for an entire bare field plot (7500 m²) rill (and gully) erosion is more important than interrill erosion, the relative importance of interrill erosion varies in time and space. Therefore, depending on the interrill surface characteristics, interrill soil erosion processes could have a significant contribution to total soil loss and should be taken into account in erosion models.
In order to improve predictions of runoff and soil erosion rates, the effects of rock fragments are incorporated in several soil erosion models (e.g. ANSWERS, Amin and Ahmadi, 2006; RMMF model, Morgan, 2001; EUROSEM, Morgan et al., 1998; RUSLE, Renard et al., 1997) . In these soil erosion models, only rock fragment cover is used as a parameter to represent the effects of rock fragments in topsoils. These models assume that only rock fragments which are visible at the soil surface will directly contribute to interrill soil erosion rates. The results of this study highlight the impacts and complexity of subsurface rock fragments below the soil surface on the production of runoff volume and especially on soil loss. Therefore, attention is required when using runoff and erosion models to predict the impacts of soils containing subsurface rock fragments on runoff and interrill soil erosion rates.
One way forward could be the adjustment of the soil erodibility factors in these models to the vertical position and size of subsurface rock fragments in the topsoil.
Conclusions
In this study it is hypothesised that subsurface rock fragments (i.e. fragments not visible at the soil surface) could influence surface sealing, infiltration, runoff and interrill soil erosion rates and that these effects depend on the depth of the rock fragments below the soil surface, on the rock fragment size and on the duration of the rain event. By conducting rainfall simulations on an interrill erosion flume with a simulated cultivated topsoil, this study indicates that surface sealing, infiltration rates and runoff volumes are affected but not significantly by subsurface rock fragments incorporated at different depths below the soil surface. However, for both contrasting rock fragments sizes (i.e. mean largest diameter of 0.04 and 0.20 m) considerable differences in total interrill soil loss are observed after 11, 33 and 67 mm of cumulative rainfall. These observations are explained by a more rapid increase in soil moisture content in the areas above the subsurface rock fragments, leading to a decrease in soil cohesion and a rapid increase in soil detachability compared to a topsoil without subsurface rock fragments (control). For a similar runoff volume, more sediment is then transported by interrill flow on topsoils with subsurface rock fragments compared to the control experiment.
The observed variation in runoff volume and interrill soil loss between all the tested treatments varies with cumulative rainfall depth. The results of this study highlight the impacts and complexity of subsurface rock fragments below the soil surface on the production of runoff volume and soil loss and calls for attention in process-based runoff and erosion models. profile (without subsurface rock fragments) and on topsoil profiles with subsurface rock fragments, having two sizes, at different depths below the soil surface. An increase in soil moisture in the areas above the rock fragments leads to rapid topsoil saturation, ponding and a decrease in soil cohesion. Rock fragment cover equals 60%; Depth represents the depth of the rock fragments below the soil surface.
